This paper is concerned with the use of gold doped reduced graphene oxide (rGO) films, replacing costly platinum films as a counter electrode in dye-sensitized solar cell (DSSC). The influence of annealing treatment of the electrode on the performance parameters of the device has been investigated. The XRD analysis reveals that crystallite size of GO increases with annealing temperature. The 140 o C sample possesses the highest transmission in visible region. The DSSC utilizing the sample annealed at 120 o C performed the highest η of 0.134%, respectively due to the longest carrier lifetime.
INTRODUCTION
Counter electrode in DSSC serves as a medium to receive electrons from external circuit resulted in by photovoltaic effect to reduce oxidizing species to reducing species such as reducing triiodide to iodide and polysulfide to sulfide. Platinum films have widely been used as counter electrode in DSSC since it is electrochemically stable against the redox couple of iodide/triiodide and polysulfide/sulfide in liquid electrolyte. Nevertheless, the main drawback of platinum is that it is very expensive material as counter electrode in DSSC. Carbon film has been utilized as counter electrode in DSSC as an alternative to costly platinum since it has high electronic conductivity, corrosion resistance, electrochemical reactivity and low cost [1] [2] [3] .
Graphene can also be utilized as counter electrode in the device due to its unique properties such as good electrical property and high electrochemical stability [4] [5] [6] [7] [8] [9] [10] . It was found that the efficiency of the DSSC utilizing graphene films counter electrode was comparable with that using platinum films counter electrode [4] [5] [6] [7] [8] [9] [10] . In our previous work, we have utilized reduced graphene oxide (rGO) as counter electrode in DSSC and achieved an efficiency of 0.09% [11] . The effect of GO content on the performance of the device has been investigated.
The efficiency was improved by doping RGO with metallic material such as gold. The doping of rGO with metal has been carried out by Soo and his group who doped silver into rGO films for use as a catalyst in fuel cell [12] . Xue and his co-workers used nitrogen doped graphene films as counter electrode in DSSC [13] . Nitrogen doped graphene films were utilized as superior counter electrode for DSSC [14] . Phosphorous doped reduced graphene oxide (rGO) was employed as counter electrode in DSSC [15] .
In this work, we have doped rGO with gold in order to improve the electronic conductivity of RGO films. Gold doped reduced graphene oxide (rGO) films were then utilized as a counter electrode in DSSC. The originality of this work is the utilization of gold doped rGO films as counter electrode of DSSC. The goal of this work is to investigate the effect of annealing temperature of gold doped rGO on the performance parameters of the DSSC.
EXPERIMENTAL

Preparation of gold doped rGO and characterizations
0.1 g GO powders were dissolved in 50 ml deionized water and the solution was sonicated for 1 h. 2 mg gold (III) chloride trihydrate (HAuCl . 3H 2 O) powder which is equivalent to 2 wt.% was then added into the solution and sonicated for 30 minutes. The solution was stirred for 5 minutes. The solution was finally spin coated 3 times on ITO substrate at 1000 rpm for 15 s to get sufficient thickness of gold doped RGO on the substrate. The sample was annealed at 100
• C in argon atmosphere for 15 minutes. These procedures were repeated by annealing the samples at 110, 120, 130 and 140 o C, respectively. The structure of the samples was analyzed by XRD technique. The optical transmission of the samples was characterized by UV-Vis spectrophotometer. The bonding analysis was performed by Raman spectrometer. The Raman spectra have been obtained under 532 nm excitation wavelength of incident laser beam.
Fabrication and performance study of DSSC
The DSSC was fabricated by using TiO 2 films as photoanode. The TiO 2 films were prepared on ITO substrate via liquid phase deposition technique at 40 o C. 0.5 M LiI/0.05 M I 2 /0.5 M TBP in acetonitrile containing iodide/triiodide redox couple was used as a liquid electrolyte. Gold doped RGO films annealed at various temperatures were utilized as counter electrode. A parafilm was sandwiched between the TiO 2 film and gold doped RGO film counter electrode. A structure containing TiO 2 film and gold doped RGO film was clamped in order to optimize the interfacial contact of these device components. The electrolyte was injected into the structure via a capillary. The current-voltage curves in dark and under illumination of 100 mW cm -2 tungsten light were recorded by a Keithley high-voltage source model 237 interfaced with a personal computer. The illuminated area of the device was 0.23 cm 2 . The electrochemical impedance spectroscopy (EIS) technique was also employed to determine the bulk resistance (R b ), charge interfacial resistance (R ct ) and charge carrier lifetime at the applied voltage of 0.4 V.
RESULTS AND DISCUSSION
Fig . 1 shows the XRD spectra for the samples annealed at various temperatures. It is noticed that there are quite a lot of noises in the spectra. It is observed that there is only one dominant peak which is located at 10.5 o corresponding with the miller index (002), belonging to rGO. The peaks of aurum are not observed in the spectra, signifying that aurum atom has successfully been doped into the lattice of RGO. It is also found that the peak intensity at this diffraction angle increases with annealing temperature up to 130 o C and then drops. The crystallite size of the samples is illustrated in C sample shows one transmission peak in UV region which is in the region 300-400 nm and another one peak in visible region which is in the region 400-700 nm. It is found that the transmission in visible region is higher than that in UV region. It is also found that the transmission in IR region with the wavelength above 700 nm is higher than that in UV and visible region for all samples. 4 shows the I-V curves in dark of the DSSCs utilizing gold doped RGO films counter electrodes with various annealing temperatures. It is noticeable that the devices do not show rectification property since the dark current in reverse bias also called leak current is larger than that in forward bias. In other words, the leak current curves are unsymmetrical with the forward current curves. The different in the leak current is quite significant signifying that the annealing temperature gold influences the leak current. However, the difference in forward current is small, indicating that the temperature does not affect the forward bias dark current. The device with the sample prepared at 110 o C, gold possesses the lowest leak current followed by the devices utilizing the samples annealed at 130, 120, 100 and 140 o C. [16] . However, the shape of the curve of 130 o C device is the same as that was reported by Choi et al. 2011 [17] . Rahman et al. 2016 also reported the same shape of the J-V curve obtained from the DSSC utilizing pure rGO counter electrode [11] . The photovoltaic parameters are extracted from Fig. 5 and illustrated in Table 2 . Fig. 6 shows Nyquist plots of the DSSC utilizing gold doped rGO films counter electrode annealed at various temperatures. From the plots, two semicircles are observed, namely, smaller semicircle representing bulk resistance (R b ) of the device and bigger semicircle denoting charge transfer resistance (R ct ). Both resistances are computed from the real impedance (Z'). The imaginary impedance (Z") is negative since it is not used to determine both resistances. The bulk resistance is attributed by the resistance of each component of the device. The charge transfer resistance is contributed by the resistance at the interface of TiO 2 -N719/electrolyte and electrolyte/gold doped RGO. Both resistances are estimated from the plots and presented in Table 2 . From the table, it is found that R b is smaller than R ct . The device utilizing the counter electrode prepared at 110 Fig. 7 illustrates the Bode plots of the devices utilizing gold doped rGO film counter electrode with various annealing temperatures. It is found that there is one peak appears in each plot, representing resonant frequency of each device. The carrier lifetime was computed from the frequency and presented in Table 2 . Carrier lifetime is defined as the period taken by the charge carrier which is electron to travel across the interface of TiO 2 -N719 dye before recombining with hole at the interface of electrolyte/gold doped rGO. According to the table, the device utilizing the sample annealed at 100 Table 2 illustrates the photovoltaic and EIS parameters with various annealing temperatures of gold doped RGO counter electrode. According to the table, it was found that the DSSC utilizing the counter electrode prepared at 120 o C performs the highest η. This is due to this device possesses the longest carrier lifetime. The η is affected by the properties of the device components such as morphology, optical and electrical properties of TiO 2 photoanode, optical properties of dye, conductivity of electrolyte and electrical property of counter electrode. There is quite significant change in V OC . However, the annealing treatment on the counter electrode does not increase V oc . This is because V oc is only influenced by the energy level of the device components such as the fermi level of TiO 2 , energy gap of dye and energy level of counter electrode.
Generally, from Table 1 , the FF is low since the area of maximum power rectangles drawn from the J-V curves is much smaller than that of the J-V curves shown in Fig. 3 . The highest η obtained in this work, 0.134% is much smaller compared with those reported in [13] [14] [15] that are 4.99, 6.81 and 7.80%, respectively. This might be caused the internal resistance of the DSSC fabricated in this work is much higher than those reported in [13] [14] [15] . However, it is higher than that of the device utilizing pure rGO counter electrode reported in [11] which was 0.09%. The highest efficiency of 0.134% is slightly lower than that of the device utilizing platinum counter electrode, yielding the efficiency of 0.44% [18] . We did not study the performance stability of the DSSC utilizing this gold doped rGO. However, the device can last for one day upon the filling of the electrolyte containing iodide/triiodide redox couple. 
CONCLUSIONS
Gold doped reduced graphene oxide (rGO) films were successfully prepared on ITO substrate and applied in DSSC as counter electrode. The optical transmittance of the samples changes with annealing temperature for which the 140 o C sample possesses the highest transmittance. The annealing treatment on the electrode has changed the performance of the DSSC utilizing gold doped rGO counter electrode. The resistance and carrier lifetime varies with annealing temperature. The DSSC utilizing the counter electrode annealed at 120 o C demonstrates the highest η due to the longest τ.
